Out-of-plane magnetization reversal processes of (Ga,Mn)As 
with two different hole concentrations 
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We study magnetization reversal processes of in-plane magnetized (Ga,Mn)As epilayers with dif- 
ferent hole concentrations in out-of-plane magnetic fields using magnetotransport measurements. A 
clear difference in the magnetization process is found in two separate samples with hole concentra- 
tions of 10^° cm~^ and 10^^ cm~^ as the magnetization rotates from the out-of-plane saturation to 
the in-plane remanence. Magnetization switching process from the in-plane remanence to the out- 
of-plane direction, on the other hand, shows no hole concentration dependence, where the switching 
process occurs via domain wall propagation. We show that the balance of (100) cubic magne- 
tocrystalline anisotropy and uniaxial [110] anisotropy gives an understanding of the difference in the 
out-of-plane magnetization processes of (Ga,Mn)As epilayers. 
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INTRODUCTION 



One of the major steps in manipulating magnetic 
bits of ultra-high density magnetic memories is the de- 
velopment of electrical spin injection technology which 
is currently being studied intensively. To understand 
the physics of the magnetization reversal using this ap- 
proach, Mn-doped III-V magnetic alloy semiconductor 
(III-V MAS) is a promising material since the ferromag- 
netic properties which are induced by exchange interac- 
tion between hole carriers and Mn spins can be controlled 
through the hole carrier concentration. Recent ex- 
periment using a spin field-effect transistor built with a 
Ill-V MAS channel layer, in fact, has demonstrated that 
magnetization reversal is achieved by reducing hole car- 
rier concentration in the channel layer. Optical spin 
injection using circularly polarized light was also used 
to rotate the magnetization of (Ga,Mn)As on GaAs(OOl) 
from in-plane to out-of-plane orientation, j^] However, the 
mechanism of the magnetization rotation in these sys- 
tems still remains open, presumably due to the lack of 
an understanding of the out-of-plane magnetization re- 
versal process in (Ga,Mn)As. Therefore, a clear descrip- 
tion of the out-of-plane magnetization reversal process 
of (Ga,Mn)As is crucial to achieve the manipulation of 
magnetic bits using spin injection technique. 

In order to understand magnetization reversal pro- 
cesses and magnetic domain structures, a number of mag- 
netotransport studies have been reported so far,|3, la, 
IE ^> EH where a change in longitudinal resistance 
in an in-plane magnetic field is well understood using 



anisotropic magnetoresistace (AMR) and the character- 
istic magnetic anisotropy in (Ga,Mn) As. [1,0,0,0,01 
This interpretation agrees well with direct observation of 
magnetic domain structures and magnetization reversal 
process, E3 clearly showing that magnetotransport mea- 
surement is a suitable tool for studying the magnetization 
reversal process in III-V MAS even for out-of-plane field 
orientation we are studying. 

In this article, we discuss the out-of-plane magnetiza- 
tion reversal process of in-plane magnetized (Ga,Mn)As 
epilayers with two different hole concentrations using 
magnetotransport measurements. The magnetotrans- 
port properties from the out-of-plane saturation to the 
in-plane remanence, which are understood in terms of 
the magnetization rotation, are substantially varied with 
the hole concentration. In contrast, the magnetization 
reversal mechanism from the in-plane remanence to the 
out-of-plane saturation is found to be due to 90° domain- 
wall (DW) propagation which shows no hole concentra- 
tion dependence of the samples. The contrasting results 
are attributed mainly to the (100) cubic magnetocrys- 
talline anisotropy based on the zinc-blende type crystal 
structure, shape anisotropy due to the sample geometry 
and strain induced anisotropy along [GDI]. 



SAMPLES AND EXPERIMENTS 

In-plane magnetized Gao.956Mno.o44As (sample A) and 
Gao.9i2Mno.o88As epilayers (sample B) with a thickness 
of 105 ± 3 nm and 103 ± 1 nm were grown on semi- 
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insulating GaAs (001) substrates using low tempera- 
ture molecular beam epitaxy at 235°C and 195°C, re- 
spectively. Both samples were deposited on a 400-nm 
thick GaAs buffer layer grown at 590° C. To increase 
hole carrier concentration, sample B were subjected to 
post-growth annealing in N2 atmosphere for 60 min at 
250°C.|Q| The hole carrier concentrations of sample 
A and sample B were measured by an electrochemical 
capacitance-voltage method at room temperature: 4.0 
X 10^° cm~^ for sample A and 1.5 x 10^^ cm~^ for 
sample B.^^ High resolution x-ray diffraction analyses 
were carried out to estimate the film thickness and lat- 
tice parameters. For both samples, the in-plane lattice 
parameters a// along a and b axes show the same value 
of 5.653 A as that of GaAs bulk. Out-of-plane lattice 
parameter aj^, on the other hand, is larger than that 
of the substrate due to tetrahedral compressive in-plane 
strain, [lij The samples were confirmed to be coherently 
grown and fully-strained with no detectable relaxation 
and no additional misfit dislocations. Since the 7 angle 
between o and b axes in the film plane was measured to 
be 7 = 90° for both samples, the structural symmetry 
between [110] and [110] is maintained even for the layer 
geometry. Magnetic properties were measured using a 
superconducting quantum interference device (SQUID) 
magnetometer. The Curie temperatures Tc of sample 
A and sample B were estimated to be 60 K and 130 K 
from the temperature-dependent magnetization, respec- 
tively. The epilayers were patterned into 100 x 500 ^ve? 
rectangular bars along the [100] crystal axis in the film 
plane. Details of the fabrication process were described 
elsewhere. |lOj All magnetotransport measurements were 
performed using a standard four-point ac method in a 
Quantum Design Physical Properties Measurement Sys- 
tem at 4 K. For magnetotransport measurements, the 
samples can be rotated in-situ about [010] axis so as to 
change the angle 9 between magnetic field direction in 
the plane normal to the film surface and [100] crystallo- 
graphic axis. 

RESULTS AND DISCUSSION 

Magnetization vs. field curves {M—H curve) of sample 
A and sample B were measured at field orientations [100], 
[110], and [110] in the film plane (not shown here), clearly 
showing a typical cubic anisotropy along [100] at 4 K 
for sample A and a contras ting lar ge uniaxial anisotropy 
along [llO]0llESElIi3,El1ll|23 for sample B. The 
marked [110] uniaxial anisotropy has been observed in 
(Ga,Mn]As with a hole concentration higher than ~10^^ 
cm-3.[ll|23 

Figure 1 shows the field-dependent Hall resistivity 
and magnetoresistance (MR) for sample A ((a), (b)) 
and sample B ((c), (d)). The MR (%) is defined as 
(i?H — Ro) /Rq X 100, where i?H and Rq are the resistance 
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FIG. 1: Field dependence of Hall resistivity and MR of sam- 
ple A ((a), (b)) and sample B ((c, (d)) in out-of-plane mag- 
netic fields at 4 K. Figures (e) and (f) show the calculation 
of cos (fi and cos'^ ip which corresponds to the Hall resistivity 
and MR, respectively. 

in a magnetic field of 77 and zero field, respectively. Mag- 
netic fields are applied perpendicular to the film plane. 
In Fig. 1(a), it is clearly seen that the Hall resistivity 
in _ff < ± 3500 Oe is associated with the magnetization 
process of (Ga,Mn)As. In general, the Hall resistivity is 
expressed as pHaii = {Ro/<i)H + {Rs/d)M, where Rq and 
i?s are the ordinary Hall coefficient and the anomalous 
Hall coefficient, respectively, d is the film thickness. His 
the applied field strength, and M is the magnetization. 
This shows that the Hall resistivity at a low field regime is 
attributed to anomalous Hall contribution while that at 
a high field regime originates from ordinary Hall contri- 
bution in the saturation magnetization state. The same 
explanation can also be applicable in Fig. 1(c) for sample 
B. 

The MR curve in Fig. 1(b) can be ex plai ned by the 
anisotropic magnetoresistance ('AMR').|^ l2lj As shown 
in previous work, [1 S in im the AMR of (Ga,Mn)As 
refiects on a change in the angle between the current 
direction [100] and the magnetization orientation, and 
shows the largest value when the magnetization is per- 
pendicular to a current flow. This fact indicates that 
the MR curve in i? < ± 3500 Oe is associated with the 
magnetization process. The high-field MR {H > ± 3500 
Oe), on the other hand, shows a decrease with increasing 
magnetic fields. The decrease in the MR is likely due to 
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FIG. 2: Field- dependent MR of (a) sample A and (b) sample 
B at various applied field orientations 6 at 4 K. 



a reduction in the scattering of liole carriers as seen in 
colossal magnetoresistance manganites.[2^ 

These features can be phenomenologically explained 
in terms of coherent rotation model as magnetic field 
is applied perpendicular to the film plane. If we assume 
strongin-plane anisotropy induced by compressive lattice 
strainj3 and thin film structure, the total magnetostatic 
energy in perpendicular magnetic field can be expressed 
as E = KsSiii^ ip — MH cos {(p—9), where Kg is the 
in-plane anisotropy (shape-induced anisotropy -I- strain- 
induced anisotropy) constant and ip is the angle between 
the magnetization direction and [100] direction. Using 
this expression, we can calculate the stable magnetiza- 
tion orientation by minimizing the total energy. Detailed 
calculation procedure is seen in previous reports. "5^ Fig- 
ure 1(e) shows the calculated field dependence of cos(p 
which corresponds to the magnetization curve based on 
this model. Here h is the magnetic field normalized with 
the anisotropy field {2Ks/M). As clearly seen, the curve 
in Fig. 1(e) is in good agreement with the experimen- 
tal data shown in Figs. 1(a) and (c). The IVIR curve 
is also calculated as cos'^ ip in Fig. l(f).0, Except 



for the high-field region, the MR curve in Fig. 1(b) is 
compatible with the calculation. The discrepancy be- 
tween the experimental data and the calculation in the 
high field regime is again associated with a reduction in 
the scattering of hole carriers as described above. From 
these results, the magnetization process from saturation 
to the remanence is principally based on the magnetiza- 
tion rotation originating from the in-plane anisotropy for 
sample A. 

Although very good agreement between the experi- 
mental data and calculation is obtained for sample A, 
a significant behavior can also be observed in the low 
field regime for sample B as seen in Fig. 1(d), where 
two clear peaks near ± 900 Oe are observed. To un- 
derstand the low-field MR behavior, we show the MR 
curves of both samples at various field orientations 
(0° < 6* < 90°). Figure 2(a) shows the MR curves of 
sample A as a function of 9. Unlike the MR curve for 
= 90° in Fig. 1(b), the MR curves exhibit hysteretic 
changes in H < ± 3500 Oe while the resistance at re- 
manence shows the same value of ~ 782 f2 for all the 
field orientations. The remanent resistance, which is ir- 
respective of the field orientation, clearly shows that the 
remanent magnetization is parallel to the current fiow 
([100] or [100]) in the film plane. When the field orien- 
tation tilts from the direction perpendicular to the film 
plane, a magnetization process illustrated in the inset of 
Fig. 2(a) likely occurs. A large contribution of (100) 
cubic magnetocrystalline anisotropy allows the magne- 
tization process in (010) plane from 3500 Oe to Oe 
and the magnetization aligns along [100] at remanence. 
After switching the magnetic field, the magnetization di- 
rection changes to [OOT], which is seen in the resistance 
jump to ^ 810 fl, followed by a subsequent switching 
to [Too] caused by [TOO] magnetic field component due 
to the tilted magnetic field direction. These switching 
processes are seen in the MR curve for 9 = 87.5° most 
clearly since a relatively large applied field is necessary to 
increase the in-plane component field sufficient to switch 
the magnetization to [TOO]. 

For sample B, on the other hand, the MR show a min- 
imum value at around ±500 Oe rather than at rema- 
nence as shown in Fig. 1(d). The distinct MR behav- 
ior can be explained in terms of a magnetization process 
based on the hole induced uniaxial anisotropy of sample 
B (hole concentration^ 10^^ cm~'^ ): a large [110] uni- 
axial anisotropy results in a different magnetization ro- 
tation process as shown in the inset of Fig. 2(b). When 
magnetic field decreases from 4500 Oe to Oe, the mag- 
netization direction now tilts away from (010) plane and 
aligns along [110] in the film plane at remanence. Since 
the AMR principally provides a minimum value for the 
magnetization direction which makes the smallest angle 
with the current direction, the minimum resistance at 
around 500 Oe indicates that the angle between magne- 
tization and current flow is the smallest at around 500 
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FIG. 4: Schematic illustration of magnetization switching 
process of sample A for 6 = 75°. The nucleation and propa- 
gation of a 90° domain wall associated with (100) cubic mag- 
netocrystalline anisotropy are shown. 



FIG. 3: MR curves of (a) sample A and (b) sample B mea- 
sured at = 85°. Hswi and Hsw2 are switching fields as indi- 
cated by the arrows. Hs^i, Hsw2 vs. 9 for sample A ((c), (d)) 
and sample B ((e), (f)). Dashed curves give a l/cosS fit to the 
experimental data. 



Oe. Wlien the field decreases from 500 Oe to the rema- 
nence, the magnetization rotates to a direction between 
[100] and [110] in the fihii plane due to the anisotropy 
field along [110] so that the MR increases again due to an 
increase in the angle between magnetization and current 
fiow. We also note that the out-of-plane saturation field 
(4500 Oe) of sample B is larger than that of sample A. 
The difference in the saturation field between these two 
samples is attributed mainly to a large shape anisotropy 
due to a factor of 2 larger magnetization of sample B. 
Also, a larger compressive strain in sample B could be 
another cause of the enhancement in the saturation field 
of sample B. 

We plot the switching fields Hgwi and Hsw2 from in- 
plane remanence to out-of-plane saturation as a function 
of 9 in Figs. 3(c) — (f) to understand the mechanism of 
the magnetization reversal process, where the switching 
fields Hswi and Hsw2 are defined as indicated by arrows 
in Figs. 3(a) and 3(b), respectively. The data for both 
samples well follow a 1/ cos 9 dependence, clearly show- 
ing that the magnetization process can be explained by 



domain wall propagation: |2J| this means that an effec- 
tive in-plane field component which possesses cos 9 de- 
pendence pushes domain walls along the long bar axis. 
Also we note that the description of domain wall propa- 
gation is compatible with the magnetotransport data of 
other samples with different hole concentrations, indicat- 
ing that the feature is universal for in-plane magnetized 
(Ga,Mn)As. 

From these results, we summarize the out-of-plane 
magnetization process of (Ga,Mn)As on the basis of 
AMR in Fig. 4, where the magnetization process of sam- 
ple A at the field orientation 9 — 75° is illustrated. In 
H > 4000 Oe (a), the magnetization saturates along the 
magnetic field. As the field decreases to H = Oe (b), 
the magnetization lies in the film plane along [100]. With 
decreasing field down to -250 Oe (c), 90° DW nucleation 
occurs and propagates across the bar structure, resulting 
in the domain configuration perpendicular to the film 
plane (d). As the field decreases further (e), another 90° 
DW nucleates again and propagates immediately, hence a 
magnetic domain in the film plane becomes predominant. 
Finally, the magnetization rotates towards the field direc- 
tion 9 = 75° with decreasing magnetic field (f). Similar 
magnetization process also occurs for the films with high 
hole concentrations except for the initial magnetization 
rotation process from the out-of-plane saturation to the 
in-plane remanence. 
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To explain the change in the magnetic anisotropy 
with increasing hole concentration, Sawicki et al. sug- 
gested the presence of trigonal distortion in the epi- 
layer due to the anisotropic distribution of Mn ions.[20| 
Also, the inhomogeneous distribution of Mn ions such as 
MuGa-MuGa and MuGa-Mnj-MnGa is proposed in theo- 
retical studies [2^ and direct observation using scan- 
ning tunneling microscopy, Low-temperature growth 
of (Ga,Mn)As also suggests the presence of a cluster-like 
Mn distribution: recently, we have reported on a pos- 
sible origin of complex in-plane magnetic anisotropy in 
(Ga,Mn)As on the basis of a cluster /matrix model. [2^ 
|22| where (Ga,Mn)As epilayers on GaAs(OOl) consist of 
ferromagnetic (Ga,Mn)As cluster- like regions with [110] 
uniaxial anisotropy and a ferromagnetic (Ga,Mn)As ma- 
trix with (100) cubic magnetocrystalline anisotropy. It 
was found that the Curie temperature of the clusters is 
higher than that of the matrix and the magnetic proper- 
ties of the clusters dominate the magnetic anisotropy of 
(Ga,Mn)As with a high hole concentration. These results 
indicate that the hole concentration dependence of the 
magnetization rotation from the out-of-plane saturation 
to the in-plane remanence we observe originates mainly 
from the difference in the volume of these two phases at 
low temperatures. On the other hand, the magnetization 
reversal due to domain wall propagation is attributed to 
the intrinsic cubic (100) anisotropy as described above. 

CONCLUSIONS 

We have investigated the out-of-plane magnetization 
processes of (Ga,Mn)As epilayers with two different hole 
concentrations. A clear difference in the magnetization 
process is found in two samples with hole concentrations 
of 10^" cm~^ and 10^^ cm^'^ as the magnetization rotates 
from the out-of-plane saturation to the in-plane rema- 
nence. On the other hand, the magnetization switching 
from the in-plane remanence to the out-of-plane direction 
in a low-field regime is independent of hole concentra- 
tion and we attribute the magnetization switching pro- 
cess to domain-wall (DW) propagation. Anisotropy field 
along [001] originating from the cubic magnetocrystalline 
anisotropy based on the zinc-blende type crystal struc- 
ture of (Ga,Mn)As dominates the magnetization reversal 
process via DW propagation while shape anisotropy and 
strain induced magnetic anisotropy in the film plane also 
contribute to the magnetization rotation process from the 
out-of-saturation to the in-plane remanence. 
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